Objectives To evaluate clinical effectiveness and diagnostic efficiency of a navigation device for MR-guided biopsies of focal liver lesions in a closed-bore scanner. Methods In 52 patients, 55 biopsies were performed. An addon MR navigation system with optical instrument tracking was used for image guidance and biopsy device insertion outside the bore. Fast control imaging allowed visualization of the true needle position at any time. The biopsy workflow and procedure duration were recorded. Histological analysis and clinical course/outcome were used to calculate sensitivity, specificity and diagnostic accuracy. Results Fifty-four of 55 liver biopsies were performed successfully with the system. No major and four minor complications occurred. Mean tumour size was 23±14 mm and the skin-to-target length ranged from 22 to 177 mm. In 39 cases, access path was double oblique. Sensitivity, specificity and diagnostic accuracy were 88 %, 100 % and 92 %, respectively. The mean procedure time was 51±12 min, whereas the puncture itself lasted 16±6 min. On average, four control scans were taken. Conclusions Using this navigation device, biopsies of poorly visible and difficult accessible liver lesions could be performed safely and reliably in a closed-bore MRI scanner. The system can be easily implemented in clinical routine workflow.
Introduction
Diagnostic magnetic resonance imaging (MRI) often provides superior visualization of small liver lesions that cannot be detected reliably with computed tomography (CT) or ultrasound (US) [1] . Due to the excellent soft tissue contrast, absence of ionizing radiation and longer-lasting contrast agent activity, MRI has become an advantageous alternative imaging modality for liver tumours [2] (see Fig. 1 ). However, as in any imaging modality, the specificity of MRI of liver lesions is not sufficiently high to preclude biopsy in most cases. While initial reports of MRI-guided percutaneous biopsies date back into the late 1980s [3] [4] [5] [6] , the implementation of these techniques into clinical practice has mostly occurred in the last decade ( Table 1) . One of the reasons for this delay was the later introduction of open MRI systems, which, owing to their design, provide better access to the patient compared with conventional closed-bore scanners. However, open MRI units are more costly to acquire and maintain, and provide lower image quality because of their lower magnetic field strength and inferior field homogeneity. Performing liver biopsies in conventional closed-bore high-field MRI systems has been infrequently reported, most likely because of limited patient access and, hence, the inability to guide the needle under continuous imaging. Most reports describe a time-consuming iterative approach [7] [8] [9] , where after a rough assessment for an access point and orientation, the needle is stepwise guided to the lesion by multiple cycles of scanning and needle position correction outside the magnet.
An easy-to-use navigation system allowing fast and accurate determination of the skin entry point and targeting of the lesion in one step outside the bore, would simplify the abovementioned approach. We report our clinical experience with liver biopsies using an add-on navigation device for a closedbore 1.5 T MRI scanner and evaluate the system's functionality, effect on workflow and diagnostic accuracy.
Materials and methods

Study population
The study was approved by the local institutional review board (University of Leipzig, register no. 344-2007) and written informed consent was obtained from each patient. Between July 2008 and February 2012, 52 patients underwent Fig. 1 A 63-year old patient with a small lesion in liver segment VII was referred for MRI-guided biopsy due to lesion invisibility on CT (left). With MRI (VIBE) the lesion (arrowhead) was clearly depicted without contrast agent administration (right). The double oblique access path was 131 mm. With the help of the navigation device a coaxial needle is inserted before the lesion. Through the needle a 16 G semiautomatic biopsy gun is placed. The Tru-Cut® tip of the biopsy gun is recognizable (arrow) at the border of the lesion. The histology analysis revealed a non-Hodgkin's lymphoma 3). The patients were scheduled for MRI-guided biopsies based on the following indications: significantly improved visibility of the suspect lesion on MR images (n=23) compared with CT ( Fig. 1) and US, difficult double oblique access path (n=39) or patient age under 50 years (n=17).
Exclusion criteria were age under 18 years, debilitated general patient condition, uncorrectable or marginally correctable coagulation disorder, and general contraindications for MRI.
Navigation technique
Forty interventions were performed by an interventional radiologist (M.M.) with 10 years of experience; the following 15 interventions were carried out by two resident radiologists (J.F., TO.P.) with 2 years of experience under supervision. A dedicated navigation system [10] with optical tracking and automatic patient registration based on MRI-marker localization [11, 12] was implemented. This procedure is required only once per session but can be repeated as often as necessary. The instrument manipulation is displayed in a multiplanar virtual navigation scene on a large in-room screen. The setup of the navigation components is shown in Fig. 2 .
Biopsy procedure
System setup and patient preparation
All biopsies were performed in a stable and comfortable supine patient position (Fig. 2) . To improve diagnostic image quality, two 19-cm loop coils (Siemens Healthcare, Erlangen, Germany) were placed on the patients' abdomen and right side, which were used in combination with the spine coil. Two holding arms were mounted on the patient table. The holding arm opposite the access site was aligned to enable mounting of the reference marker board (RMB) as close as possible to the isocentre position of the MRIscanner. The proper line-of-sight to the camera was ensured in out-of-magnet position. The RMB is positioned in a way that it cannot be displaced by patients' breathing movements and does not interfere with sterile instruments during the intervention. A special front-end module (developed in collaboration with the authors and Invivo Germany GmbH, Schwerin, Germany), which is used to hold, adjust and lock the coaxial needle in the intended biopsy position, is attached to a holding arm on the intervention site (Fig. 2) . Needle movement is visualized in the navigation display ( Fig. 3) with an almost real-time refresh rate of 4 frames/s and no recognizable delay.
Patient analgesia/sedation was induced by intravenous administration of 3-5 mg piritramide and 2-5 mg midazolam prior to the intervention. To minimize errors caused by respiratory motion, each patient underwent a short breath-hold training before the intervention. This exercise comprised five identical breathing commands with breath-hold phases in mild inspiration, corresponding to commands given during the procedure.
Imaging
All interventions were performed in a conventional closedbore 1.5 T MRI scanner (Magnetom Symphony®, Siemens) with a bore diameter of 60 cm and a gantry length of 150 cm. For MR-marker localization, a short scan sequence with a low flip angle and large field of view (FOV) in three standard views was applied using the integrated body coil. This sequence aimed to provide marker projection images within a large volume (300×300×300 mm 3 ) and minimal signal contribution from the patient, as previously described [10] . For procedure planning, transverse images were acquired with volume-interpolated breath-hold examination (VIBE), halfFourier single-shot turbo spin echo (HASTE), as well as true Fig. 2 Setup of the navigation components. A compact instrument tracker (B) (Localite) with a set of three spherical retro-reflective optical markers (arrow head; NDI, Waterloo, ON, Canada) is attached to the base of the coaxial needle. The needle with the tracker is fixed within the frontend-module (A). The main feature of the front-end module is a two-piece ball clamped in a gripping jaw into which the biopsy needle is inserted, allowing fixation in the appropriate position and orientation. Partial release of the ball enables the needle to remain stabilized in situ but allows it to follow patients' respiratory motion and with that to avoid injury to the liver. In case of emergency, the ball can quickly be detached from the front-end module, leaving the needle in situ. Optical real-time tracking of the instrument is realized through a movable 3D infrared camera (Polaris Spectra®, NDI) that also couples a second reference set of the abovementioned optical markers on a reference marker board (C) that remains fixed to the patient table and also features a set of MR-visible markers (arrow) that are used for registration of the navigation scene fast imaging with steady precession (TRUFI) ( Table 2) , using the abovementioned combination of loop and spine coils. In case the lesion was not clearly visible in the planning images, 10 ml of the liver-specific contrast agent gadoxetate disodium (Primovist®, Bayer HealthCare Pharmaceuticals, Berlin, Germany) was administered intravenously approximately 15 min prior to the intervention to improve negative contrast in the VIBE-sequence.
During imaging, care was taken to give the breath-hold commands as trained before to ensure an even breathing pattern and breath-hold.
The sequence with the optimum lesion visibility was used as the dataset for navigation and as standard for control imaging.
Navigation procedure
To begin navigation, marker and diagnostic images from the MRI scanner's computer were interactively sent to the navigation workstation, the software of which features modules for graphical access planning and navigation [10] . After been detected by the system, the instrument tracker was used to quickly define the puncture site with an unsterile needle.
The skin location was marked, disinfected and covered with sterile drapes. After local anaesthesia with 10-15 ml lidocaine, we made a small cutaneous incision with a scalpel. Under real-time navigation, the tip of the sterile coaxial needle (16G coaxial needle, Invivo or Somatex, SOMATEX® Medical Technologies GmbH, Teltow, Germany) attached to a sterile tracker was guided to the prepared incision site and angulated with respect to the target lesion. The access path was chosen in a way to avoid damage to pleura or adjacent organs. After giving the breath-hold command (in inspiration, as described above), the needle was rapidly inserted along the planned approach guided by the navigation images. At any time, the real needle position in situ could be verified by a control scan for which the patient table with the instrument in place was moved into the magnet. The new images could be immediately used to update the navigation scene without repeating patient registration.
Sampling and post-procedure
After successfully approaching the lesion with the coaxial needle, multiple tissue samples were obtained with the proper biopsy system (18G semiautomatic biopsy gun, Invivo). After final retraction of the needle, control imaging with VIBE and HASTE was performed. The standard post-operation procedure in our hospital recommends the overnight stay. The patients were hospitalized over 24 h after the intervention to rule out potential complications, as graded by the classification of the Society of Interventional Radiology [13] . In our experience, the biopsies could be done as an outpatient treatment with 2 h of post-interventional monitoring and medical checkup before discharge.
Evaluation
Each procedure was documented using a standard protocol form, and the logs were evaluated retrospectively. All durations, imaging sequences, complications, contrast administration and number of samples taken were recorded. Times for individual steps were rounded to full minutes. The following procedure steps were evaluated: (i) system preparation, (ii) setup, (iii) planning, (iv) entry determination, (v) puncture preparation, (vi) intervention and (vii) control imaging (Fig. 4) .
Tumour size and path length were evaluated using the scanner software. Follow-up measurements of clinical values as well as MRI or CT were performed 3 and 6 months after intervention. Statistical tests were performed using Pearson correlation analysis with a statistical significance level of P<0.05.
The biopsy results were classified as true-negative if the samples from subsequent surgery revealed a non-malignant lesion or if the lesion was non-progressive on a subsequent MRI or CT examination for 6 months. The results were truepositive if histology confirmed malignancy. False-negative results were stated either when 6-month follow-up imaging revealed clear tumour progression or when histology after surgery was positive for malignancy.
Results
Imaging and targeting
In 52 patients, 55 liver biopsies were performed using the navigation device. During one procedure, the navigation was technically unsuccessful and the puncture was continued freehand. Most lesions were in liver segment VIII (Table 3 ). The VIBE sequence (51/55) provided the best visibility of the lesions. In 37 cases, contrast agent was administrated. The mean lesion size was 23±14 mm (range: 5-90 mm). The skin-totarget distances ranged from 22 to 177 mm (mean: 99± 38 mm). No correlation was found between tumour size (r= −0.050, P=0.73) or depth (r=0.073, P=0.61) and intervention time. In 39 cases, the chosen access path was double oblique.
Histological results
On average, 4±1 samples (range: 2-7) were taken with each biopsy. Out of 55 biopsies, 28 revealed malignant lesions (Table 4 ). In total, four collected samples were false-negative: one biopsy could not be reliably examined histologically because the sample was highly fragmented, but further clinical follow-up revealed a hepatocellular carcinoma. In the second false-negative case, the lesion was small (6 mm) and had a skin-to-target distance of 106 mm; two further biopsies could not confirm malignancy, despite an advanced stage of the diseases (both patients died before the 6-month follow-up from cervix and pancreatic carcinoma, respectively). Two histological results suspected as malignant were excluded from the evaluation due to missing the 6-month follow-up. Overall sensitivity, specificity and accuracy were 88 %, 100 % and 92 %, respectively (Table 5 ).
Workflow
The average duration of the procedural steps is shown in Fig. 4 . The procedure time was defined as the sum of all steps except system preparation and was 51±12 min on average (range: 24-75 min). The system preparation (i) took 6±3 min. The duration of the setup (ii) was 9±5 min on average. The mean duration of the planning phase (iii) was 9±6 min. The entry point determination (iv) took 2±2 min (range: 1-7 min). The mean intervention (vi) time including final control imaging was 16±6 min (range: 4-35 min). The number of scans for needle position control per session ranged from 1 to 15 (4±1 on average)'. The longest procedure duration was 75 min overall time, with 35 min intervention time, and 15 control scans. This biopsy was performed on a suspicious lesion in segment 1 with the longest skin-to-target distance of 177 mm and a difficult paracaval location (Fig. 5 ).
Complications
No major complications were documented for the 55 interventions. Minor complications occurred in four (7.3 %) patients. In two cases, one narrow perihepatic and one subcutaneous haematoma were detected on final control imaging. Neither showed progression on US after 24 h. Two patients experienced moderate abdominal pain, nausea and vomiting, which regressed completely after appropriate medication which did not prolong the hospitalization period.
Discussion
For lesions that cannot be visualized reliably with US or CT, MRI can serve as an excellent imaging modality because of its high soft-tissue contrast and longer lasting contrast agent effect [14] . Nevertheless, only a few studies have reported on MRI-guided biopsies in the widely available diagnostic scanner environments. Within this study, 54 liver biopsies were successfully performed using a new targeting system to overcome limited patient access in a conventional diagnostic MRI system. The accuracy, safety and duration of the procedure were found to be acceptable for clinical routine use. Most common MRI scanners have a bore diameter of 60 cm and a gantry length of 140 cm and above, which Other benign entities (autoimmune hepatitis, inflammatory pseudotumour, granuloma, etc.)
(7)
Numbers in parentheses are pathological findings with liver cirrhosis Fig. 5 An example of a difficult-to-approach paracaval lesion (arrowhead) located in segment 1 in a 72-year-old patient with liver cirrhosis. The histopathological result confirmed hepatocellular carcinoma. The image shows a maximum intensity projection reconstructed from a volume-interpolated breath-hold examination (VIBE) sequence after contrast administration with angulation along to needle pathway limits patient access during image acquisition. Therefore, in contrast to CT, US or open MRI, with closed-bore MRI needle insertion under continuous imaging, so-called MRfluoroscopy (MRF), is not feasible. On the other hand, MRF is especially advantageous for biopsies of uncooperative patients [15, 16] . However, the diagnostic accuracy achieved with MRF in open or wide-bore systems does not appear higher than the accuracy reported for biopsies in closed-bore scanners without MRF ( Table 1 ). The widebore system used by Stattaus et al. [17] enables needle insertion under MRF. However, this system and vertical open MR systems are no longer commercially available. The horizontal open scanners can have major disadvantages for procedures involving the left lobe of the liver [15] . Moreover, due to the lower magnetic field strength, and, thus, the inferior diagnostic usability, such open MRIs are becoming rarer. The wide-bore 3 T magnet used in previous work [18] offers a 70-cm bore, but with a 170-cm gantry length, the system is impractical for needle guidance under MRF. Currently, there are only a few reports of liver biopsies performed in closed-bore high-field MRI scanners. In a small study, Das et al. [9] reported an iterative approach allowing liver biopsies to be performed within approximately 1 h. Using a similar technique, Salomonowitz et al. [7] have performed 42 liver punctures; however, the authors did not report procedure durations. In one case, Moche et al. [19] reported application of a robotic system in a closed-bore MRI scanner for liver biopsy. Our study describes the clinical use of a navigation device in a relatively large number of liver punctures in a closed-bore MRI scanner. The system features flexibility in terms of integration into different common MRI environments, even in patients with a BMI of up to 40 kg/m 2 , as included in this study. However, the system setup prior to the procedure requires additional time. With a mean intervention time of 51 min (including all steps from patient placement to final control scan), our MRI-guided procedures took longer than CT-guided procedures [20, 21] , even with an experienced team. However, our technique did not require significantly more time than procedures guided by MRF. In a study employing a wide-bore MRI system, even a median procedure time of approximately 134 min has been reported [22] , which exceeds our results. Furthermore, the procedure steps have not been equally defined in different studies. Compared with scarcely described procedures using an iterative approach [9] , the overall procedure times are similar to those reported here, whereas the actual intervention time appears to be shorter. It can be assumed that the time for setup and planning could be reduced by routine and sequential use of the system.
A long skin-to-target distance and small lesion size are generally indicative of the complexity of the intervention. The mean skin-to-target distance in our study was 99 mm and was longer than 100 mm in 32 % of cases. These values are higher than mean distances reported by the most groups (Table 1) . This is especially noteworthy in view of the fact that iterative image-controlled placement of long needles in a closed-bore scanner is more difficult than in an open MRI system. Langen et al. [8] emphasized a long biopsy path being a limiting factor in a 60-cm wide gantry.
The mean diameter of the lesions was 23 mm, with 10 % smaller than 10 mm. The control imaging immediately before sampling was performed using the T1-weighted VIBE sequence, which, in conjunction with gadoxetate-based contrast agent in the majority of cases, allowed for reliable visualization of the slim Tru-Cut® needle tip in the lesion (Fig. 1) . It is expected that such imaging will ensure reliable sampling. In contrast to the results of Hoffmann et al. [22] , our analysis of the influence of the skin-to-target distance or lesion size on the procedure time or accuracy revealed no statistically significant correlations.
The accuracy of 92 % assessed in our study is comparable with earlier reports for MRI -guided interventions [17, 18, 23, 24] , as well as with the accuracy reached by US and CT guidance [25] [26] [27] [28] . It should be noted, however, that for our study only those patients were selected who could not be biopsied under CT or US guidance. Thus, it can be assumed that this selection of difficult cases would have led to a lower accuracy when compared with a randomized cohort.
The safety of MRI-guided biopsies is emphasized by our low complication rate, which is in line with most reports [7-9, 15-19, 22, 23 ]. There were no major complications documented, neither at our site nor in other studies, except for two cases reported from Zangos et al. [24] .
Unlike neurosurgical and some other applications, the use of similar navigation techniques in organs subject to respiratory motion is controversial. Because of the lack of fluoroscopic imaging, the actual needle position cannot be controlled second-by-second. In case of patient movement or differing respiratory phases between the imaging data used for navigation and the puncture itself, the needle could be placed considerably off-target. One possibility to address this issue is motion compensation respiratory gating. This technique uses for example optical or other tracking techniques to follow abdominal wall movement and simulates the respiratory motion in the liver, applying a complex algorithm [29] . These authors concluded, however, that because of the lack of fluoroscopic imaging, motion compensation cannot be ensured with absolute certainty.
A potential drawback of this work is the fact that the employed system has not yet been approved for commercial dissemination, although the local institutional review board admitted this study. Another limitation is the lack of a control group treated with the conventional technique described by other authors [7] [8] [9] . However, due to the comparatively long mean access path in our patients and the limited space in a 60-cm bore, the needle should have been inserted quite deeply outside the scanner at once without any image guidance. For that reason the authors estimated the risk for a possible control group to be too high and decided using the system in all cases.
The presented system is less costly in comparison with dedicated interventional MRI environments. However, even with this technique liver biopsies are significantly more costintensive than CT-and especially US-guided procedures. Therefore careful selection of the patients is essential for the optimal use of this approach.
Conclusion
An approach combining brief respiratory training, navigated needle feed with automatic patient registration and immediate control imaging has proven to be successful for liver biopsies. Access to the patient outside the bore features maximum patient comfort and allows interventional radiologists to take samples with high diagnostic accuracy, even for overweight patients. Relatively short procedure durations and the flexibility of the presented add-on solution suggest integrating it into the clinical workflow in a conventional diagnostic high-field MRI environment, especially for biopsies of suspect lesions, which cannot be detected with US or CT, or are difficult to access.
